The members of the family Tetraviridae are small positive-sense insect RNA viruses that exhibit stringent host specificity and a high degree of tissue tropism, suggesting that complex virus-host interactions are likely to occur during infection and viral replication. The alpha-like replicase of Helicoverpa armigera stunt virus (HaSV) (genus Omegatetravirus) has been proposed to associate with membranes of the endocytic pathway, which is similar to Semliki Forest virus, Sindbis virus and rubella virus. Here, we have used replicase-EGFP fusion proteins and recombinant baculovirus expression to demonstrate that the HaSV replicase associates strongly with cellular membranes, including detergent-resistant membranes, and that this association is maintained through a novel membrane targeting domain within the C-terminal region of the RNA-dependent RNA polymerase domain. We show a similar subcellular localization and strong association with detergent-resistant membranes for the carmo-like replicase of another tetravirus, Providence virus, in replicating cells, suggesting a common site of replication for these two tetraviruses.
INTRODUCTION
The family Tetraviridae comprises small non-enveloped positive-sense (+) ssRNA viruses that exclusively infect lepidopteron insects (Dorrington et al., 2011) . Each tetravirus particle contains one or two genomic RNAs with only two or three ORFs being translated, making them among the simplest viruses discovered thus far . Their T54 icosahedral capsids are approximately 40 nm in diameter comprising 240 copies of a single capsid protein precursor (CP), which is cleaved during maturation to form the large (b) and small (c) subunits found in mature virus particles (Banerjee et al., 2010) .
Helicoverpa armigera stunt virus (HaSV) and other members of the genus Omegatetravirus (Dendrolimus punctatus tetravirus, DpTV and Nudaurelia capensis v virus, NvV) have bipartite genomes: the viral replicase is translated from RNA1 (5.3 kb) while RNA2 (2.5 kb) encodes the CP (p71) and p17, the function of which is yet to be confirmed . The HaSV and DpTV RNA1 also encodes three small ORFs that overlap with the C terminus of the viral replicase (Gordon et al., 1995; Yi et al., 2005) . Although the conservation of the small ORFs implies a role in viral replication, no function has as yet been ascribed to them. In members of the genus Betatetravirus, including Nudaurelia capensis b virus (NbV), the type member of the genus, Providence virus (PrV) and the closely related Thosea asigna virus (TaV) and Euprosterna elaeasa virus (EeV), the replicase is encoded at the 59 end, while CP is translated from a subgenomic RNA corresponding to the 39 end of the genomic RNA (Dorrington et al., 2011) . PrV encodes an additional protein, p130, upstream of the replicase ORF, the function of which is also unknown (Walter et al., 2010) .
Tetravirus replicases can be classified into three distinct groups, each belonging to a different superfamily of viral replicases (Fig. 1) . The first group includes HaSV, DpTV and NbV, all of which encode alpha-like replicases containing the methyltransferase, helicase and RNA-dependent RNA polymerase (RdRp) domains conserved within the superfamily (Gordon et al., 1995 Koonin, 1991; Yi et al., 2005) . The second group consists of TaV and EeV, which have picornalike replicases that carry a permuted C-A-B arrangement of the canonical A-B-C motifs of all template-dependent polynucleotide polymerases (Gorbalenya et al., 2002; Zeddam et al., 2010) . This permuted RdRp domain is a characteristic shared with Drosophila A virus and Grapevine virus Q, which are also (+) ssRNA viruses, as well as some other dsRNA viruses (Ambrose et al., 2009; Gorbalenya et al., 2002; Sabanadzovic et al., 2009; Zeddam et al., 2010) . The sole member of the third group is PrV, which encodes a carmo-like replicase, bearing marked similarities to a number of plant viral replicases belonging to the families Umbraviridae and Tombusviridae (Walter et al., 2010) .
Tetraviruses have an unusually narrow host range, usually limited to a few species within a single family, with infection confined to the midgut cells of infected larvae . The only tetravirus able to infect tissue culture cells is PrV, which was discovered as a persistent infection of the MG8 tissue culture cell line derived from the midgut tissue of Helicoverpa zea (Pringle et al., 2003) . Despite an exhaustive study, Bawden et al. (1999) were unable to detect any HaSV vRNA replication in 13 insect and mammalian cell lines following infection with HaSV or transfection with wildtype vRNA. These results were attributed to a lack of suitable host factors for RNA replication and/or receptors for virus infection. The simplicity of the viral replication machinery and apparent reliance on host factors suggests that the replication strategy employed by tetraviruses could represent the most basic genetic and protein elements required for active viral infection of host cells by (+) ssRNA viruses. However, the lack of suitable tissue culture cell lines that support viral replication has hampered research into these interactions. An alternative approach to studying tetravirus replication has been to characterize the subcellular localization of the replicase in insect and mammalian tissue culture cells. Using this approach HaSV replicase-EGFP fusion proteins have been shown to associate with cellular structures, presumed to be membranes that are derived from organelles of an alternative endocytic pathway .
The togaviruses Semliki Forest virus (SFV), Sindbis virus (SINV) (both in the genus Alphavirus) and rubella virus (RV) (genus Rubivirus) replicate their vRNA in association with cytopathic vacuoles that are derived from endosomes and lysosomes (Froshauer et al., 1988; Magliano et al., 1998; Matthews et al., 2009; Spuul et al., 2010) . In both SFV and SINV, the replication complexes are also associated with fibrous structures that appear to form bonds between the cytopathic vesicles and the rough endoplasmic reticulum (Froshauer et al., 1988) . The N terminus of the RV replication protein P150, and its precursor, P200, is essential for fibre formation and the subcellular location of replication complexes, which replicate vRNA at cellular sites that partially overlap with endocytic and lysosomal membranes (Matthews et al., 2009) . The similarities between the subcellular localization of togavirus replication complexes and the alpha-like HaSV replicase, which all (except RV) infect insect hosts, suggests that these viruses might employ similar strategies in the formation of vRNA replication factories. In this study, we investigated the membrane-association of recombinant HaSV replicase in mammalian and insect cells in the absence of other viral proteins or vRNA replication. We show that the replicase is targeted to detergent-resistant membranes (DRMs), most likely lipid rafts present within the endocytic pathway, and identify two localization domains that are involved in the targeting of the replicase. Finally, we show a similar subcellular localization and strong association with DRMs for the carmo-like replicase of PrV in replicating cells, suggesting a common site of replication for these two tetraviruses.
RESULTS
The role of N-and C-terminal regions of the HaSV replicase in the localization of EGFP fusion proteins in HeLa cells
The expression of the HaSV replicase with EGFP fused to its C terminus (REP 1-1704 -EGFP) has been shown to result (Gorbalenya et al., 2002; Gordon et al., 1995 Gordon et al., , 1999 Walter et al., 2010; Yi et al., 2005; Zeddam et al., 2010) . The asterisk (*) above each RdRp domain signifies the position of the 'GDD' box and the arrows above the PrV sequence indicate the position of the read-through stop signal which generates the early termination product, p40. Due to the high degree of similarity, TaV in punctate structures, in both HeLa and Sf 9 cells, that are most likely associated with membranes derived from endocytic organelles due to their partial overlap with the endocytic marker protein, CD63 . We constructed a series of replicase deletion mutants, which were expressed in HeLa and BHK-21 cells to identify regions required for localization of the HaSV replicase to the punctate structures. Three distinct distributions of EGFP fluorescence were observed in cells expressing these mutants ( Fig. 2a) : (i) EGFP fluorescence distributed throughout the cytoplasm that appeared to concentrate within the nucleus ('Cytosolic+Nuc'); (ii) diffuse cytosolic fluorescence, excluded from the nucleus ('CytosolicNuc'); and (iii) the 'Punctate' localized distribution as previously reported for REP 1-1704 -EGFP . The proportion of cells displaying each dominant distribution, expressed as a percentage of the total number of cells counted, was also determined (Fig. 2b ).
As expected, native EGFP displayed a 'Cytosolic+Nuc' distribution in over 97 % of the cells scored, while REP 1-1704 -EGFP-associated fluorescence was predominantly 'Punctate'. Fusion of EGFP to the replicase N terminus resulted in a dispersed cytosolic distribution ('CytosolicNuc'). The same distribution was observed when the Nterminal 44 aa of the replicase were deleted (REP 45-1704 -EGFP), indicating that the N terminus may be required for localization. However, the N-terminal 100 aa alone were insufficient for localization (REP 1-100 -EGFP), suggesting that there were other regions involved in replicase targeting.
A series of C-terminal deletion mutants were constructed to identify these regions.
When 336 aa were deleted from the C terminus (REP 1-1368 -EGFP), the distribution of the protein was still predominantly 'Punctate'. However, deletion of a further 64 aa from the C terminus (REP 1-1304 -EGFP) resulted in a 'Cytosolic -Nuc' pattern (similar results were obtained for REP 1-1241 -EGFP and REP 1-1159 -EGFP). These data imply that at least two regions, one at the N terminus and the other within the RdRp domain, may be required for the formation of the punctate structures. Similar results were observed in BHK-21 cells. It is unclear whether the loss of localization in the C-terminal deletion mutants is due to the deletion/disruption of the targeting domain or the disturbance of secondary, tertiary or even quaternary structure of the replicase.
HaSV replicase-EGFP membrane association is detergent-resistant
The membrane association of the REP 1-1704 -EGFP was characterized using a modified protocol used by Matthews et al. (2009) to study the detergent resistance of RV nonstructural protein P150. HeLa and Sf 9 cells expressing REP 1-1704 -EGFP were treated with 1 % Triton X-100 before being fixed and imaged by confocal fluorescence microscopy ( Fig. 3 ). In both cell types untagged EGFP was not detected after the treatment with the non-ionic detergent, as was the case for mitochondrial-targeted DsRed expressed from pDsRed2-Mito in HeLa cells [ Fig. 3a and b, images (i), (ii) and (i), respectively]. However, both REP 1-1704 -EGFP and the late endosomal marker, CD63, were present as small, punctate structures around the nucleus following the treatment [ Fig. 3a and b, images (iv), (vi) and (iii), respectively], indicating that their membrane association is detergent-resistant. The detergent-resistance of CD63 is consistent with the classification of CD63 as a tetraspannin, a class of proteins often associated with DRMs (Berditchevski, 2001; Claas et al., 2001; Levy & Shoham, 2005; Zheng & Foster, 2009) . The loss of cell volume due to the permeabilization of the plasma membrane accounts for the apparent condensation of fluorescence-labelled structures around the nucleus.
In addition to the full-length replicase, a number of deletion mutants were also tested (results summarized in Table 1 ). With the exception of two C-terminal deletion mutants (REP 1-1304 -EGFP and REP 1-1241 -EGFP), treatment of cells with 1 % Triton X-100 resulted in punctate structures similar to those observed for REP 1-1704 -EGFP and CD63 (Table 1) . Consistent with previous results, REP 1-1704 -EGFP and CD63 showed partial overlap when imaged together in the same cell ( Fig. S1 , available in JGV Online, Short et al., 2010) , implying a similar association with DRMs. Most notably, punctate structures were also observed for REP 45-1704 -EGFP and EGFP-REP 1-1704 , both of which display a cytosolic distribution without detergent treatment (Fig. 2b) . Thus, while the majority of the REP 45-1704 -EGFP and EGFP-REP 1-1704 appear to be cytosolic, a proportion is capable of localization to the target DRMs even though the N terminus of the protein is disrupted.
Bioinformatic analysis of the HaSV replicase sequence showed no similarity to any known localization signals. However, alignment of the N-terminal regions of the three alpha-like tetravirus replicases (HaSV, DpTV and NbV) revealed the conservation of two predicted a helices separated by a linker region containing an LDF tripeptide motif (Fig. S2) . Interestingly, there are 20 aa positions showing conservation of charge within the N-termini of the three replicases including eight charged (DERKH), two aromatic (YFW) and ten non-polar (AGVLIPMC) amino acid residues that are evenly spread across the helix-loophelix region. The conservation of charge across the Nterminal region and the significant similarity between the predicted secondary structures suggest the possibility of a common localization mechanism for the alpha-like tetravirus replicases, which may require functions associated with this helix-linker-helix region. Deletion of regions within the N-terminal region of the HaSV replicase had a minor (REP 45-1704 -EGFP and REP 1-2/39-1704 -EGFP) or undetectable (REP 1-2/23-1704 -EGFP) effect on the formation of detergent-resistant structures (Table 1) . In addition, an N-terminal domain swap replicase mutant in which the N terminus of the HaSV replicase was replaced with the corresponding sequence from NbV (NbV-HaSV REP 1-1704 -EGFP) was found to have a lower resistance to detergent-treatment (Table 1) . In contrast, two replicase mutants that were liberated by treatment with 1 % Triton X-100 carried C-terminal deletions with a significant proportion of the RdRp domain removed (REP 1-1304 -EGFP and REP 1-1241 -EGFP). Both of these also displayed a cytosolic distribution in untreated cells (Fig. 2 , Table 1 ).
Membrane-association of His-REP-V5 expressed in Sf9 cells using the recombinant baculovirus JRS BV1
For biochemical characterization of the DRM-association of the replicase, a recombinant baculovirus (JRS BV1) was constructed to express the full-length HaSV replicase with 
66His (N-terminal) and V5 epitope (C-terminal) tags (His-REP-V5
). The use of the baculovirus expression system was necessary to overcome the problem of low level expression, resulting from inefficient transfection with large plasmid constructs as well as problems producing sensitive replicase-specific antibodies.
JRS BV1-infected Sf9 cells consistently produced a dominant protein migrating between 150 and 200 kDa (Fig. 4a) , which correlates well with the predicted molecular mass of
His-REP-V5 (190 kDa). This protein reacted positively in
Western blot analysis using antibodies directed against the 66His tag, the N terminus of the replicase and the V5 epitope tag (Fig. 4b) . Initial experiments showed that His-REP-V5 pelleted with insoluble and membrane-associated protein fractions (data not shown). Therefore, in order to demonstrate that it was not present in insoluble aggregates a floatation assay was performed. SDS-PAGE analysis showed that His-REP-V5 was present in light buoyant, low-density fractions, which accumulate at the interface Table  1 . Soluble proteins were released by Triton X-100 treatment before being imaged by confocal fluorescence microscopy. Bars, 10 mm. Cellular CD63 was detected by immunofluorescence using anti-CD63 antiserum. 'Not detected' indicates samples where no fluorescence signal associated with the protein of interest was detected following Triton X-100 treatment over at least three coverslips. between 5 and 35 % sucrose (Fig. 4c , fractions 7-10), which is where membranes containing lipid rafts are expected to accumulate (Claas et al., 2001) . The presence of His-REP-V5 in these fractions was confirmed by Western blot analysis using anti-REP antiserum (data not shown).
Biochemical characterization of HaSV REP membrane association
Sf9 cells expressing His-REP-V5 were subjected to a subcellular fractionation protocol that distinguishes between peripheral-, integral-and trans-membrane-associated proteins. In the absence of antibodies to suitable cellular markers for proteins representative of other membrane associations in insect cells, the protocol was validated using transiently expressed EGFP (data not shown) and cellular VDAC (voltage-dependent anion channel), a ubiquitous transmembrane, pore-forming protein present in all eukaryotic mitochondria (BlachlyDyson et al., 1993) . Small amounts of VDAC were detected in soluble fractions ( Fig. 5a and b, lane 2) with the majority of the protein present in membrane-associated fractions.
As expected, incubation of membrane-associated fractions in high ionic strength buffer (1 M NaCl) or in buffer at alkaline pH (11.1) did not release VDAC from membrane fractions ( Fig. 5a and b, lanes 4 and 6). By contrast, the presence of Triton X-100 resulted in the complete solubilization of VDAC from the pelleted fraction ( Fig.  5a and b, lane 7) .
Western blot analysis of fractions obtained from JRS BV1-infected cells (His-REP-V5) using antibodies raised against the N terminus of the replicase showed that the replicase pelleted with membrane-associated/insoluble proteins when incubated at an alkaline pH (11.1) (Fig. 5a, lane 6) . Similar results were also obtained following incubation in buffer containing 1 M NaCl or 1 % Triton X-100 (Fig. 5a , lanes 4 and 8), confirming that His-REP-V5 is present in DRMs. In addition to the full-length His-REP-V5, three replicase degradation products of approximately 150, 110 and 90 kDa in size were detected following the preparation of cell-free extracts. While His-REP-V5 and the largest degradation product (150 kDa) were exclusively present in the respective pellet fractions, a small amount of the 90 and 110 kDa peptides were detected in the soluble fraction ( 5a, lane 2). Similar results were also obtained using antiHis antiserum but only full-length His-REP-V5 was detected using anti-V5 antibodies (data not shown).
In transfected cells expressing replicase-EGFP mutants, deletion of the N terminus of the replicase resulted in a predominantly cytosolic distribution, which was interpreted as a loss of target membrane association (Fig. 2) . Accordingly, a recombinant baculovirus (JRS BV2) encoding the replicase CDS with the N-terminal 83 aa replaced with a 66His tag and a V5 epitope tag fused to the C terminus (His-DREP-V5) was constructed. Western analysis using anti-REP antiserum of fractions generated from Sf9 cells infected with JRS BV2, revealed that the distribution of His-DREP-V5 was consistent with that of the full-length His-REP-V5 (Fig. 5b) . The majority of His-DREP-V5 was detected in pellet fractions following the treatment of membrane-associated/insoluble fractions with buffers containing high concentrations of salt, at an alkaline pH or containing 1 % Triton X-100 (Fig. 5, lanes  4, 6 and 8) . However, as observed for the full-length protein, degradation products were also detected but His-DREP-V5 appeared more susceptible to proteolysis than the full-length His-DREP-V5 (Fig. 5a versus b) .
Membrane association of PrV replication protein p40
The absence of a tissue culture cell line susceptible to infection by HaSV precluded the ability to correlate the subcellular localization of recombinant HaSV replicase with that of the native replicase in HaSV-infected cells. PrV is the only tetravirus known to replicate in tissue culture, including two H. zea midgut cell lines and in Spodoptera exigua SE1 cells (Pringle et al., 2003) . HaSV also infects H. zea, which is closely related to H. armigera where it has been shown to replicate in three of the four midgut cell types (Christian et al., 2001; Brooks et al., 2002) . Although the replicases of HaSV and PrV belong to different viral superfamilies, there are sufficient similarities in host range and tissue tropism to raise the possibility that the two viruses might share a common site of replication.
An important question was whether the PrV replicase is also associated with DRMs in infected cells. H. zea MG8 cells, which are persistently infected with PrV, were subjected to the same subcellular fractionation procedures as had been used for the recombinant HaSV replicase. The subcellular distribution of the non-structural protein, p40, in MG8 cells following Triton X-100 treatment was analysed by fluorescence microscopy using anti-p40 antiserum that also detects the full-length read-through translation product, p104, although p40 has been shown to be expressed in 10-fold excess relative to p104 in infected MG8 cells (Walter et al., 2010) . As was the case for cells expressing REP 1-1704 -EGFP, incubation of MG8 cells in buffer containing 1 % Triton X-100 did not completely liberate p40 (Fig. 6a) . Biochemical fractionation of PrVinfected cells showed that PrV p40 remained in membraneassociated/insoluble fractions even in the presence of 1 % Triton X-100 (Fig. 6b, lane 8) . Differential fractionation of the various degradation products (approx. 25 to 37 kDa in size) was also observed, the largest of which was predominantly solubilized by the non-ionic detergent and partially soluble at alkaline pH (Fig. 6b, lanes 5 and 7) . The large non-structural protein, p104, was not detected.
DISCUSSION
The aim of this study was to characterize the mechanism by which the alpha-like replicase of the omegatetravirus, HaSV, is targeted to the cytoplasmic punctate structures derived from the endocytic pathway as well as the nature of (His-REP-V5) or JRS BV2 (His-DREP-V5) were subjected to Western blot analysis using anti-VDAC antibodies or a polyclonal antibody directed against the amino-terminal 128 aa residues of the HaSV replicase. PNS: post-nuclear supernatant, Sol: soluble fraction, pH 11.1: 100 mM NaCO 3 (pH 11.1), 1 M NaCl: fractionation buffer containing 1 M NaCl, 1 % Triton X-100: fractionation buffer containing 1 % Triton X-100, Sol Memb: solubilized membrane fractions, Pel: pellet fractions. Molecular mass standards are shown on the left of each blot in kDa, while VDAC and His-REP-V5/His-DREP-V5 are indicated on the right.
its interaction with target membranes. In the absence of any known targeting signals, deletion analysis was used to show that a region within the RdRp domain (including the region between K 1304 and P
1368
) was essential for the formation of the punctate structures previously observed by fluorescence microscopy. Biochemical fractionation studies showed that this region is also required for association of the replicase with DRMs. It is still to be determined whether this Cterminal domain within the RdRp represents a membranebinding domain or whether it is simply required for the correct formation of such a domain further upstream.
While fluorescence microscopy suggested that deletion of the N-terminal 100 aa abrogated subcellular localization, biochemical fractionation studies revealed that significant proportions of the N-terminal mutants remained in DRMs. The apparent discrepancy between fluorescence microscopy and biochemical fractionation data are likely attributed to the time allowed for localization in the two systems -expression in the transfected cells proceeded for a maximum of 24 h, while baculovirus expression continued for up to 96 h. The increased time may have allowed for the accumulation into DRMs to proceed in the absence of the N-terminal region. Alternatively, host factors that are present or absent in each system (mammalian versus insect cells) could stabilize or weaken the interaction. These data suggest that the N terminus of the protein is required for efficient subcellular localization rather than being essential for targeting of the protein to the punctate structures. Interestingly, the presence of the 66His tag at the N terminus does not affect DRM-association, suggesting that a free N-terminal domain is not required for the replicase to associate with DRMs. Whether or not the putative conserved helix-loop-helix structure plays a role in targeting the replicase to DRMs remains to be determined.
The inability of Triton X-100 to liberate His-REP-V5 or REP 1-1704 -EGFP from cellular membranes and the presence of His-REP-V5 in light, buoyant fractions suggests that a significant proportion of the membrane-associated replicase is present in DRMs -naturally occurring cellular membranes that retain their protein content in the presence of high concentrations of non-ionic detergents (reviewed by Anderson & Jacobson, 2002; Zheng & Foster, 2009) . Typically, cells are thought to make use of DRMs to compartmentalize specific biological processes within a membrane (Simons & Ikonen, 1997) and viruses may make use of this process to further concentrate their replication machinery. Of the different types of DRMs that have thus far been identified, caveolae and lipid rafts are the best studied. Caveolae are multifunctional invaginations present on the surface of cells that are involved in non-clathrindependent endocytosis, delivering extracellular cargo to a number of destinations via caveosomes -pre-existing, static, stable, structures, devoid of typical cellular endocytic pathway marker proteins and with a neutral internal pH (Kurzchalia & Parton, 1999; Pelkmans et al. 2001; Thomsen et al., 2002; Pelkmans & Helenius, 2003) . Lipid rafts, however, describe a larger and more diverse group of cellular membrane microdomains that are defined as dynamic regions, rich in cholesterol and glycosphingolipids, that are separate from (in lipid and protein composition), but present within, normal cellular membranes (Johannes & Lamaze, 2002) . These are also involved in a number of clathrin-independent endocytic pathways, many of which converge with classical early endosomes (reviewed by Mayor & Pagano, 2007; Sandvig et al., 2008) . Previous data had suggested that the HaSV replicase associates, at least in part, with the late endosomal marker protein CD63 in transfected mammalian cells . The data presented here further confirms this association and demonstrates that both are present in overlapping subsets of membranes that are detergentresistant. Taken together with the intracellular dynamics of the replicase-containing organelles described previously , the association of tetraspannins, such as CD63, with lipid rafts (Claas et al., 2001 ) and the role of lipid rafts in clathrin-independent endocytosis (Mayor & Pagano, 2007) , these data further confirm the hypothesis that the HaSV replicase is associated with lipid rafts in endocytic organelles derived from clathrin-independent endocytic pathways that converge with the classical endocytic pathway at the late endosomes. These are also likely to be caveolae-independent due to the different intracellular dynamics of endosomes and caveosomes. The localization of vRNA replication within the endocytic pathway may play a role in the cytosolic acidification that is hypothesized to be important in tetravirus maturation in vivo (Tomasicchio et al., 2007) .
The observation that the PrV non-structural protein, p40, which co-localizes with vRNA replication to similar punctate structures in the cytoplasm of PrV-infected cells (data not shown), is also present in detergent-resistant fractions prepared from PrV-infected cells, suggests that these data are likely to represent the in vivo HaSV replicase associations. This implies that both replicases associate with DRMs in vivo and that the punctate structures observed in cells expressing REP 1-1704 -EGFP (and for p40 in PrV-infected cells) are most likely the result of replicasedirected membrane-association. Since the interaction of the HaSV replicase with membranes occurs in the absence of other viral proteins, the targeting signals present within the replicase appear to be sufficient for localization. In addition, even though the PrV and HaSV replicases differ significantly in terms of amino acid sequence and protein expression, the similarities observed suggest that the subcellular location of tetravirus replication complexes may be consistent throughout the family.
These data also raise the possibility that HaSV vRNA replication complexes may form in a similar manner and location to those of the togaviruses, RV, SFV and SINV, also members of the alpha-like virus superfamily. Of particular interest are the observations of Matthews et al. (2009) who found that a significant proportion of the RV replication protein P150, which is thought to contain the membrane association domain, is associated with detergent-resistant structures in both infected and transfected cells. In addition, the authors noted a similar cellular distribution of P150 and dsRNA to that observed for REP 1-1704 -EGFP and PrV p40. In the case of RV and the HaSV replicase, localization has been shown to partially overlap with endosomal marker proteins in a manner that suggests at least temporary interaction with classical endocytic organelles (Matthews et al., 2009; Short et al., 2010) .
This study demonstrates that these diverse tetravirus replicases associate with DRMs, a characteristic shared with other (+) ssRNA virus replicases. The significance of these interactions is still to be investigated but the ability of DRMs to accumulate specific proteins and lipids into membrane microdomains could account for the targeting of vRNA replication proteins to these locations. These microdomains are likely to contain essential host factors required for replication, especially in the case of the genetically modest viruses such as members of the family Tetraviridae, or alternatively, directing the replicase to cellular DRMs could produce an additional concentration of vRNA replication machinery within host membranes.
METHODS
Maintenance of tissue culture cell lines. HeLa S3 immortalized human cervical cancer cell line ECACC 93021013 (HeLa cells) (Gey et al., 1952) and baby hamster kidney cell line IZSBS BS CL21 (BHK-21 , 10 mg streptomycin (Lonza) ml 21 and 25 mg Fungizone (Lonza) ml 21 at 37 uC in 10 % CO 2 . S. frugiperda pupal ovarian (Sf9) cells (cell line 9 CRL 1711) (Vaughn et al., 1977) were maintained in TC-100 insect medium (Lonza) supplemented with 10 % FCS (Invitrogen), 100 U penicillin ml 21 and 10 mg streptomycin (Lonza) ml 21 at 28 uC. H. zea midgut cells (cell line BCIRL-HZ-MG8, referred to as MG8 cells) (Pringle et al., 2003) were grown in ExCell 420 complete insect medium (Sigma) containing 100 U penicillin ml 21 and 10 mg streptomycin (Lonza) ml 21 at 28 uC.
Antibodies and Western blot analysis. Protein fractions were resolved by SDS-PAGE using 4 % stacking and 7.5 % resolving polyacrylamide gels and transferred to Hybond-C extra nitrocellulose membrane (GE Healthcare) using the Bio-Rad Mini Trans-blot electrophoretic transfer cell system. Anti-66His (Roche Applied Biosciences), anti-V5 (obtained from Richard Randall, School of Biology, University of St. Andrews, St. Andrews, Scotland, UK), anti-VDAC (Santa Cruz Biotechnology) and anti-REP (Short, 2010) antiserum were used for Western blot analysis at dilutions of 1 : 500, 1 : 1000, 1 : 500 and 1 : 15 000, respectively, and detected using the BM Chemiluminescence kit (Roche Applied Biosciences).
Plasmid construction and transfections. Plasmid constructs used in this study and their respective sources are listed in Table 2 . All HaSV replicase-derived sequences were obtained from the full-length HaSV RNA1 cDNA sequence . Cells were transfected as described previously .
Floatation assay. Ten T75 (75 cm 2 ) tissue culture flasks were infected with JRS BV1 (m.o.i. of 5), harvested after 96 h and subjected to a floatation assay as described in Claas et al. (2001) substituting their buffers for fractionation buffer [50 mM Tris/HCl, 1 mM Na 2 EDTA, 8 % sucrose (w/v), pH 7.6 containing EDTA-free protease inhibitor cocktail set III (Calbiochem)]. Gradients were centrifuged at 200 000 g for 18 h at 4 uC. Fractions were taken from the top in 500 ml aliquots and analysed by SDS-PAGE.
Biochemical fractionation of baculovirus-infected Sf9 cells and PrV-infected MG8 cells. Biochemical fractionation was performed using a modified protocol originally described by Moffat et al. (2005) . MG8 cells persistently infected with PrV or baculovirusinfected Sf9 cells (m.o.i. of 5) were grown in T75 tissue culture flasks and harvested at confluence (MG8 cells) or 96 h after infection (Sf9 cells). Whole cells were pelleted by centrifugation at approximately 5000 g for 5 min and resuspended in 800 ml chilled fractionation buffer. Cells were lysed by 20 passes through a 25 gauge syringe needle. Lysates were centrifuged at 3300 g for 2 min at 4 uC to pellet cellular debris and the pellet re-extracted in 400 ml chilled fractionation buffer. Pooled supernatants (approx. 1.2 ml) represented the post-nuclear supernatant (PNS) and 200 ml was retained for further analysis. The remaining PNS was divided into three equal aliquots of approximately 330 ml and the membrane fraction pelleted by centrifugation at 17 000 g for 20 min at 4 uC. The supernatants were pooled to represent the soluble fraction while the pellets were resuspended in either 330 ml of 100 mM NaCO 3 (pH 11.1) or fractionation buffer containing either 1 M NaCl or 1 % Triton X-100 and incubated on ice for 15 min. These fractions were centrifuged at 17 000 g for 20 min at 4 uC and the soluble fractions were retained and diluted 4 : 1 with 56 sample buffer (10 % glycerol, 125 mM Tris/ HCl pH 6.8, 4 % SDS, 10 % b-mercaptoethanol, 0.01 % bromophenol blue), while the pellets were resuspended in 410 ml 16 sample buffer. Samples were resolved by SDS-PAGE and protein detected by Western blot analysis.
Fluorescence microscopy. PrV-infected MG8 cells were seeded onto coverslips and grown to approximately 80 % confluence, while transfected HeLa and Sf9 cells were transfected as described previously and grown for approximately 20 h. At this point cells were incubated in PBS pH 7.4 or 1 % Triton X-100 (in PBS) for 15 min with gentle agitation at room temperature before fixation using 4 % paraformaldehyde. Immunofluorescence staining of CD63 and PrV p40 was performed as described in Short et al. (2010) . PrV p40 was detected using polyclonal rabbit antibodies directed against p40 (Walter, 2008) .
